The human X chromosome-linked, gene encoding glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49) is known to be highly polymorphic from the biochemical characterization of enzyme variants. The variant A (with enzyme activity in the normal range) and the variant A-(associated with enzyme deficiency) each have a frequency of about 0.2 in several African populations. Two restriction fragment length polymorphisms have also been found in people of African descent, but not in other populations, whereas a silent mutation has been shown to be polymorphic in Mediterranean, Middle Eastern, African, and Indian populations. We report now on two additional polymorphisms that we have detected by sequence analysis, one in intron 7 and one in intron 8. The analysis of 54 African male subjects for the seven polymorphic sites, clustered within 3 kilobases of the G6PD gene, has revealed only 7 of the 128 possible haplotypes, indicating marked linkage disequilibrium. These data have enabled us to suggest an evolutionary pathway for the different mutations, with only a single ambiguity. The, mutation underlying the A variant is the most ancient and the mutation underlying the A-variant is the most recent. Since it seems reasonable that the A-allele is subject to positive selection by malaria, whereas the other alleles are neutral, G6PD may lend itself to the analysis of the role of random genetic drift and selection in determining allele frequencies within a single genetic locus in human populations.
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The enzyme glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49) shows considerable variation in its biochemical properties. Based on the level of enzyme activity, the electrophoretic mobility, and the enzyme kinetics, >300 different variants have been described (1), of which 86 -have been classified as polymorphic (2) . Two notable examples in Africa that differ from the wild-type enzyme G6PD B are the nondeficient variant G6PD A and the deficient variant G6PD A-. Both have a gene frequency of around 0.2 in parts ofthat continent and in people of African ancestry.
Restriction fragment length polymorphisms (RFLPs) have been harder to find. However, a Pst I and a Pvu II RFLP have been characterized in populations of African descent (3) (4) (5) . These RFLPs have recently been shown to be in marked linkage disequilibrium with the polymorphic mutations in G6PD A and A-(6, 7); as pointed out by Beutler and Kuhl (6) , the results suggest that these mutations have arisen only once. To confirm this suggestion, we sought additional polymorphic sites by the comparison of G6PD intron sequences from different individuals. From this analysis, we have identified two additional DNA polymorphisms in the G6PD gene, again in people of African origin. Combining the data from a previous study with the current information obtained on these sites, we are able to provide additional evidence supporting a distinct pattern of evolution for the various resulting haplotypes.
MATERIALS AND METHODS
DNA Amplification. DNA was prepared by urea lysis and phenol/chloroform extraction (8) from the peripheral blood of 54 unrelated men of African origin (22 from Nigeria, 14 from Kenya, 14 from the West Indies, 2 from Ghana, and 2 from Sierra Leone), a small Nigerian family, and a number of unrelated white women. Three regions of the G6PD gene (see Fig. 1 ) were amplified from this genomic DNA using the polymerase chain reaction (PCR; ref. 9) . The oligonucleotides used as primers were 5'-TGGACCCCTACACAGC-CAAGTAC-3' (oligonucleotide G.7) and 5'-GGCATGC-TCCTGGGGACTGCT-3' (oligonucleotide I) for region 1, 5'-GGAGCTAAGGCGAGCTCTGGC-3' (oligonucleotide L) and 5'-TGCCTTGCTGGGCCTCGAAGG-3' (oligonucleotide R) for region 2, and 5'-TGTTCTTCAACCCCGAG-GAGT-3' (oligonucleotide F) and 5'-AAGACGTCCAGGAT-GAGGTGATC-3' (oligonucleotide Md) for region 3 . The latter have been described previously (10) . A (12, 13 
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eluted after agarose gel electrophoresis, again by Gene Clean, and cloned into an M13 Sma I vector. Recombinant plaques were picked and sequenced at random. The sequencing of introns 1 and 2 was not attempted.
RESULTS
The comparison of the intron sequence obtained here (not shown) with the full sequence reported by Chen et al. (14) has revealed five base differences. One ofthese is the intervening sequence 5 (IVS5) nt 611 C G mutation, previously identified as that responsible for a Pvu II polymorphism in the African population (5 Fig. 2 . In addition, we have investigated the frequency of a silent mutation in exon 11 (nt 1311 C -T) in this series: 13 (24%) were found to have this mutation by the cleavage of amplified DNA from region 3 with Bcl I (not shown) as described (10) . This frequency is in good agreement with data published elsewhere (15) . Because this group of54 men has already been studied with respect to the other polymorphic sites of the G6PD gene (7), we are able to combine the previous and the present data to determine the haplotype of seven polymorphic sites for each individual and therefore establish the haplotype frequencies in the group as a whole (Fig. 3) . A C at IVS8 nt 163 [BspHI DISCUSSION DNA polymorphisms, identified as RFLPs, have proved to be invaluable tools in the study of the human genome, not least in providing markers for gene mapping and linkage analysis. An alternative approach to the identification of DNA polymorphism is through the direct comparison of DNA sequences from individual to individual. This approach has rarely been used in a deliberate way because it is much more laborious. However, as repetitive sequencing of the same gene from different people is carried out in the search for mutations that affect protein function, more information on the rate of silent polymorphic mutation will be obtained. To date, the "framework" polymorphisms of the 13-globin gene aire probably still the best examples of variation discovered in. this way (16) .
The comparative analysis of intron sequences of the G6PD gene that we originally made on an African, ah Indian, and a Cuban variant '(12) did not yield any such polymorphism. However, since the intron sequence of an Italian variant with the same coding sequence as G6PD A-(G6PD "Matera") became available (14) , we have established the presence of two additional DNA polymorphisms in the G6PD gene of people of African origin. Therefore, together with the Pst I and Pvu II RFLPs reported previously, the silent mutation in exon 11, and the two mutations identified in G6PD A and A-, seven polymorphic sites are now known within 3 kb of the G6PD gene in African people. The use of these sites as X chromosome-linked genetic markers is largely limited to the black population, but the tightly linked haplotype data that these polymorphisms provide are informative in terms of the origin and spread of different mutations in the G6PD gene.
As expected, due to the fact that they are so'close together, there is marked linkage disequilibrium between the different sites ( Table 1) : only 7 of the 128 possible different haplotypes have been observed so far; others that may exist must be too rare to be picked up in this series. From statistical analysis, it appears that the Pst I (-) allele is the only one approaching equilibrium, suggesting that it is quite ancient. The fact that the A mutation is found in the context of four different haplotypes suggests that it too is relatively ancient. By contrast, the two mutations in G6PD A-are only found in the same context with respect to the other polymorphic sites [Pvu II (+), "'Sca I" (+), BspHI (-), Pst I (+), "Bcl I" (-)], indicating strongly that the combination has arisen only once. This conclusion is based on the most economical pattern of evolution for the different polymorphisms, with each of the mutations having arisen only once and with the A-allele as the most recent (Fig. 4) . G6PD B is taken as the starting point for this evolutionary tree because it is by far the most common and also because the G6PD of the chimpanzee is B-like (17) . The sequential order of the mutations is unambiguous, except that we do not know whether "Sca I" has appeared before or after Pvu II; this could be established by testing more samples.
Since the same haplotype is found in a G6PD A-gene from Southern Italy [the G6PD "Matera" sequenced by Chen et al. (14) ], in a sample of G6PD Betica (not shown), which is the same as G6PD A-and is polymorphic in Spain (18) , and in samples of G6PD A-from white men from Corsica and North Carolina (T.J.V. and L.L., unpublished), it seems reasonable to assume that it has spread to these places from Africa. The same is also true of the G6PD A-that has been observed in white people in Mexico (17) .
A classical problem in population genetics is whether the spread of a gene is due to selection or to neutral mechanisms such as drift and founder effects. Sites that may themselves be neutral, but are closely linked to an allele that is selected for, may be enriched through this association. Alternatively, old and neutral mutations may remain in their own right in an expanded and mixed population because they had become fixed in the small population groups in which they arose. We hope that the haplotypes described here, which involve the G6PD A-allele that is thought to be selected for due to the relative protection it provides against malaria mortality in heterozygous females (19) as well as other alleles that are more ancient and presumed to be neutral, will help in the future investigation of these possibilities.
We thank Jean-Luis Vives-Corrons for supplying a DNA sample from a subject with G6PD Betica and Viola Calabro for reviewing the manuscript. This 
